Aims/hypotheses We recently reported significant associations between BMI and three TUB single nucleotide polymorphisms (SNPs) in two Dutch cohorts enriched for type 2 diabetes. Here, we attempted a replication of these associations in a large population-based cohort of female twins comprehensively phenotyped for measures of general and central obesity.
Introduction
The tubby-like proteins comprise a highly conserved group, which may function as transcription factors [1] and/or as adaptor molecules for downstream signalling of insulin [2] . A loss-of-function mutation of the mouse Tub gene results in the tubby mouse syndrome, which is characterised by late-onset obesity with insulin resistance, as well as neurosensory defects (retinal and cochlear degeneration) [3] . As the Tub gene is predominantly expressed in the hypothalamus, obesity in tubby mice might reflect defects in neurons of the hypothalamic satiety centre, where the location of insulin and leptin receptors matches that of Tub [3] . Phosphorylation of Tub by the insulin receptor kinase increases its binding capacity for proteins with SH2 domains [2] and it may mediate insulin signalling in the brain, where insulin plays an important role in energy homeostasis [4] .
The role of the TUB gene in human obesity has not been established. Recently, Shiri-Sverdlov et al. [5] reported a significant association between single nucleotide polymorphism (SNP) rs1528133 and BMI in 492 individuals with type 2 diabetes, which was replicated in a population of 750 individuals enriched for the disease. SNP rs1528133 is located 22 kb distal to TUB in the flanking gene RIC3 and is in strong linkage disequilibrium (LD) with SNPs in the 3′ end of TUB. The resistance to inhibitors of cholinesterase 3 homologue (RIC3) protein is thought to be involved in assembly of neurotransmitter-gated receptors in the endoplasmic reticulum and trafficking to the cell surface, thereby influencing the efficacy of synaptic transmission [6] .
In the sample of 750 individuals, it was found that a significantly higher BMI associated with the minor alleles of two further TUB SNPs, rs2272382 (intron 3-exon 4 boundary) and rs2272383 (3′ untranslated region), an effect that was confirmed in the combined cohorts. Moreover, the minor alleles were more common in obese individuals (BMI >30 kg/m 2 ) than lean control individuals (BMI <25 kg/m 2 ) drawn from these cohorts. These data suggest that TUB could be influential in controlling the central regulation of body weight in humans.
The aim of our study was to replicate the previously observed associations with the three TUB SNPs in diabetic patients and individuals enriched for type 2 diabetes [5] in a large sample of Europid female twins from the general population. We report confirmation of association of rs2272382 with measures of general and central obesity, but only in postmenopausal women, which accords with the association of the mouse homologue Tub with late-onset obesity.
Methods
Participants The St Thomas' UK Adult Twin Registry (Twins UK) comprises unselected, mostly female, volunteers ascertained from the general population through national media campaigns in the UK [7] . Means and ranges of quantitative phenotypes in Twins UK were similar to an agematched sample from the general population [8] . Informed consent was obtained from all participants before they entered the studies, which were approved by the local research ethics committee. For this study, we included 2,694 participants with phenotype data on at least one of the obesity-related measures and genotype data on at least one SNP. This sample consisted of 408 monozygotic (MZ) pairs, 892 dizygotic (DZ) pairs and 94 single participants from DZ pairs. Information on menopausal status was available in 2,198 individuals (42.8% postmenopausal). Characteristics of the participants are shown in Table 1 .
Zygosity, body composition and biochemical analyses Zygosity in the Twins UK sample was determined by a standardised questionnaire and confirmed by DNA fingerprinting. Height was measured to the nearest 0.5 cm using a wall-mounted stadiometer. Weight (light clothing only) was measured to the nearest 0.1 kg using digital scales. BMI was calculated as weight divided by height squared (kg/m 2 ). Waist circumference (cm) was measured at the level midway between the lower rib margin and the iliac crest. Body composition (total and central fat mass) was measured by dual emission X-ray absorptiometry (Hologic QDR-2000; Vertec, Waltham, MA, USA). Serum leptin concentration was determined after an overnight fast using an RIA (Linco Research, St Louis, MO, USA).
SNP genotyping
The SNPs rs2272382, rs2272383 and rs1528133 were genotyped by KBiosciences (Hoddesdon, UK), using the KASPar system. This is a fluorescence-based allele-specific PCR with improved robustness and discriminating power over conventional Amplification Refractory Mutation System approaches (http://www.kbioscience.co.uk/ chemistry/chemistry-intro.htm). Genotyping accuracy for all SNPs was 98% as assessed by inclusion of duplicates (pairs of MZ twins) in the arrays, and negative controls (water blanks) were included on each plate. Genotyping success rate for the three SNPs varied between 95.2 and 98.1%.
Association analyses Preliminary analyses were performed using STATA 8 (StataCorp, College Station, TX, USA).
With the exception of per cent total fat and per cent central fat all phenotypic variables were log transformed to obtain better approximations of the normal distribution prior to analysis. Hardy-Weinberg equilibrium was tested by a χ 2 test with 1 df in one twin of each pair chosen at random to prevent inflated significance. Association analyses were performed using generalised estimating equations (GEEs), which allow for the relatedness between twins and yield unbiased standard errors and p values [9] . More specifically, a recessive model (homozygotes of a minor allele vs carriers of the common allele) was tested for SNPs rs2272382 and rs2272383, and a dominant model (carriers of a minor allele vs homozygotes of the common allele) was tested for SNP rs1528133, following the procedure and significant findings of Shiri-Sverdlov et al. [5] . Age and menopausal status were included as covariates in the models. In consideration of the tubby mouse syndrome characterised by late-onset obesity and both cohorts studied by Shiri-Sverdlov et al. [5] involving only older individuals (mean ages of 70.3 years for their Breda cohort and 56.1 years for their RIVM cohort), we explored the hypothesis that TUB is a candidate gene for late-onset obesity in humans through testing the interaction of the SNPs by menopausal status.
To control for population stratification bias, DZ twin pairs discordant for genotype were also used in a sibling transmission disequilibrium test (Sib-TDT) association analysis as described elsewhere [10, 11] .
Factor analysis was used to combine strongly correlated indices of obesity into two measures: one for general obesity (serum leptin, BMI, weight, total fat mass and per cent total fat) and one for central obesity (waist circumference, central fat mass and per cent central fat). To reduce the likelihood of generating false-positive associations through multiple testing, results of individual variables characterising obesity (i.e. serum leptin, BMI, per cent total fat, waist circumference and per cent central fat) could only be declared significant if initial tests with the general and central obesity scores yielded a positive association for at least one of these combined variables.
Assuming a phenotypic sibling correlation of 0.3, a sample of 840 DZ pairs is adequate to detect a locus effect of 0.5% with 80% power (and alpha=0.05). Thus, the current study of 892 DZ pairs and an additional 418 MZ pairs and 94 DZ singletons provided even greater power. Table 2 shows genotype and allele frequencies of the three SNPs in our cohort, which are compatible with the study by Shiri-Sverdlov et al. [5] . Pairwise LD, quantified by r 2 , was modest for all pairwise combinations of the three SNPs: rs2272382 vs rs2272383: 0.17; rs2272382 vs rs1528133: 0.02; rs2272383 vs rs1528133: 0.09. None of the loci showed deviation from Hardy-Weinberg equilibrium.
Results
In the whole cohort, none of the three SNPs showed a significant main effect on measures of general or central obesity. Analyses of individual obesity variables confirmed the lack of effect (see Table 3 ). Only homozygotes of the minor allele of rs2272382 had a larger waist (79.3±0.65 vs 78.0±0.21 cm, p=0.035) than carriers of the major allele. However, for central obesity rs2272382 (but not the other two SNPs) showed a significant interaction with menopausal status (p=0.036). Therefore, we performed the analyses for all obesity variables in pre-and postmenopausal woman separately for this SNP (Table 4 ). In the premenopausal group, we did not find any significant associations with any of the variables. However, within the postmenopausal women several effects were found for rs2272382. Homozygotes for the minor allele of rs2272382 showed significantly more general obesity (p=0.022) and central obesity (p=0.009) than carriers of the major allele (11 and 12; In DZ twin pairs discordant for their genotype at the rs2272382 locus these associations were confirmed by Sib-TDT (p<0.05) for central obesity, waist circumference and per cent central fat and borderline significant for BMI (p= 0.072) ( Table 4 ). In these DZ pairs, who are naturally matched for age and a range of possible environmental confounders, a relatively large effect size was observed. For example, individuals homozygous for the minor rs2272382 allele on average had a 4.6 cm larger waist circumference, a 1.6 kg/m 2 higher BMI, and a 3.4% larger per cent central fat than their co-twin individuals heterozygous or homozygous for the major allele. However, in all postmenopausal women, this SNP only explained between 0.32 and 0.57% of the variance of these measures of general and central obesity.
Discussion
The aim of our study was to replicate associations of SNPs in the TUB gene and measures of obesity in a large population-based cohort of female twins. Although results were largely negative in the whole cohort, we confirmed associations of TUB SNP rs2272382 with multiple measures of general and central obesity in postmenopausal women only. SNP rs2272382 locates in the intron 3-exon 4 boundary of the TUB gene but does not change the splicing site, so generation of alternative inert transcripts are unlikely. The SNP is probably in LD with an as yet unidentified functional variant in or close to the TUB gene. We explored the data from the HapMap project (http://www.hapmap.org) in a 150 kb region including both the TUB and RIC3 gene and found that rs2272382 was not located within any haplotype block. We further tested the pairwise LD pattern between this SNP with the other 98 SNPs having minor allele frequencies ≥5% in the HapMap CEPH data and only observed two SNPs (rs4578424 and rs4575312) with a pairwise r 2 >0.5 with rs2272382. However, both SNPs are located in intronic regions. Furthermore, sequencing all TUB exons in 12 unrelated individuals did not yield any non-synonymous SNPs (R. Shiri-Sverdlov, unpublished data).
The exact mechanism linking the loss-of-function mutation in tubby mice to adult-onset obesity has not been elucidated. The TUB gene is expressed throughout the brain [3, 12] . The high level of expression in the hypothalamic regions implicated in the systemic control of energy regulation [3, 13] suggests that the obesity phenotype might result from defects in neuroendocrine control of satiety or metabolism. Alterations in the concentration of some of the molecular mediators important in hypothalamic control initiated by leptin have been reported in Tub mutant mice. Orexigenic neuropeptide Y was upregulated in the dorso-medial and ventro-medial nuclei of mature obese tubby mice and downregulated in the arcuate nucleus, where a 20% reduction in proopiomelanocortin concentration was also found [14] .
The tubby homologue (mouse) (TUB) protein locates initially at the plasma membrane then translocates to the nucleus following activation of Gα q , the α subunit of heterotrimeric G-proteins, which transduces signals from 7-transmembrane receptors. Several G-protein-coupled receptors (GPCRs) are thought to have a role in energy homeostasis, satiety and obesity [15] [16] [17] [18] [19] . Of these, serotonin, bombesin, melanin concentrating hormone, melanocortin 4 receptor and dopamine D1 receptors are all GPCRs linked to Gα q signalling, for which TUB might function as a downstream effector. Like the tubby mouse, the serotonin receptor (5HT 2c ) knockout mouse shows late-onset obesity and hyperinsulinaemia without substantial dysregulation of glucose levels [20] . Both 5HT 2c [21] and TUB [22] are most highly expressed in the para-ventricular nucleus. TUB could be a Gα q -responsive transcription factor that mediates extracellular signalling to the nucleus [1] , influencing gene transcription. In the absence of functional TUB, dysregulation of GPCR genes could elicit the tubby mouse phenotypes. Variants in the human gene could have a comparable effect on bodyweight. However, there is no firm indication yet that TUB can act as a transcription factor. In transfected cells TUB is tyrosine phosphorylated by the insulin receptor in response to insulin treatment [2] . TUB might have a role in insulin signalling and could possibly integrate insulin and GPCR-mediated signals [2] . We found no association of any Table 3 The effect of the three TUB polymorphisms on obesity-related variables in all women Factor score based on factor analysis of serum leptin, BMI, weight, total fat mass and per cent total fat e Factor score based on factor analysis of waist circumference, central fat mass and per cent central fat Table 4 The effect of rs2272382 polymorphism on obesity-related variables in pre-and postmenopausal women SNPs with serum leptin, which suggests that TUB is not involved in this signalling pathway. This is the first reported association of a variant in the TUB gene with late-onset obesity in humans. The current study had a number of strengths, including the large sample size, which was approximately twice the size of the combined cohorts studied by Shiri-Sverdlov et al. [5] , the more comprehensive list of phenotypes representing general and central obesity and the availability of accurate measures of body fat by dual-emission X-ray absorptiometry scans. Furthermore, we confirmed associations by Sib-TDT in the DZ twins discordant for their genotypes, excluding population stratification bias as a possible source of spurious associations. We limited the number of tests performed by creating factor scores for general and central obesity and we only tested those specific genetic models that showed significant results in the previous study [5] . Furthermore, we explored the hypothesis that TUB is a candidate gene for late-onset obesity in humans through testing the interaction of the SNPs by menopausal status, because the two cohorts studied by Shiri-Sverdlov et al. [5] involved only older individuals (86.5% were >50 years of age) and the onset of obesity in the tubby mouse is characterised by a late onset. In their combined sample, Shiri-Sverdlov et al. [5] observed a BMI difference (95% CI) of 1.12 kg/m 2 (0.34-1.91) between genotype groups for the recessive model of rs2272382. In our postmenopausal women this was 0.92 kg/m 2 (0.03-1.81) overall and 1.64 kg/m 2 (−0.15, 3.43) for the naturally matched 37 DZ pairs discordant for their genotypes. Finally, it should be noted that our findings in the twin individuals can be considered as representative of the UK female population as a whole [8] . We have previously found few differences between twins and singletons in the population generally, the only indication being that MZ twins had a slightly lower weight and a smaller variance for weight than DZ twins and singletons [8] .
In summary, we have replicated association of TUB with measures of general and central obesity in normal postmenopausal women confirming TUB as a candidate gene for late-onset obesity in humans. In tubby mice alteration of the expression of different neuropeptides involved in appetite control and feeding behaviour has been observed in recent studies [14, 23, 24] . Investigation of effects of TUB variants on modulation of food intake in humans may therefore be a promising avenue for future research.
